Abstract. A series of experiments was con duct ed to investigate the response to drought stress of marigold (Tagetes patula L. 'Janie Tangerineʼ) plants grown with reduced phos pho rus. Plants were grown with con ven tion al phosphorus fertilization (1 mM, con trol) or one of two levels of alumina-buffered phos pho rus (Al-P), 21 or 5 µM. Plants supplied with 21 µM Al-P pro duced plants with equal total dry weight, more fl owers and reduced leaf area com pared to control plants. Whole-plant pho to syn thet ic CO 2 as sim ila tion ex pressed on a leaf area basis was nearly twice as high in 21 µM Al-P plants as in controls, probably as a result of reduced intraplant shad ing. In plants supplied with 21 µM Al-P, smaller leaf area resulted in reduced whole-plant transpiration. Moreover, the relative water content of the growing medium was sig nifi cant ly lower at wilting with 21 µM Al-P than for control or 5 µM Al-P regimes. The im proved water acquisition with 21 µM Al-P could be explained by increased root pro lif er a tion via longer main roots and less densely distributed lateral roots. The re sults indicate that optimizing phosphorus nu tri tion with sol id-phase buffered-phos pho rus fertilizer improves drought tol er ance by reducing tran spi ra tion and in creas ing wa ter ac qui si tion from the medium.
Dark Weather Feed 15-0-15; Scotts-Sierra Horticultural Prod ucts Co. Marysville, Ohio) mixed to 200 mg·L -1 (14.3 mM) N according to package di rec tions. Fertilization and ir riga tion were applied via a drip system for the transpiration experiment, and via subirrigation for the other experiments. The basic nutrient so lu tion, which was changed once a week, con tained the following nutrients (in µM) : 12,400 NO 3 -N, 1900 urea-N, 4300 K, 3700 Ca, 0.008 B, 8.3 Cu, 12 Fe, 6 .1 Mn, 0.13 Mo, 0.52 Zn. K 2 HPO 4 (providing 1 mM P and 2 mM K) was added to the nutrient solution of the control plants. The reduced phosphorus plants were grown in the same peat medium amend ed with 1% (w/v) phosphorus-charged alumina (P-Al 2 O 3 , abbreviated Al-P) (Elliott et al., 1983) and irrigated with the same nu tri ent solution as supplied to the control except that there was no K 2 HPO 4 added to the solution, leaving the phosphorus-charged alumina as the only P source. Alumina was charged with two levels of phosphorus by rinsing acidifi ed alumina with K 2 HPO 4 as described by Lin et al. (1996) giving two levels of phosphorus desorption: 5 and 21 µM Al-P. Plants an a lyzed for root structure were grown in a cal cined clay (SERAMIS; Effem, Mogendorf, Germany) (Starkey and Pedersen, 1997) . Oth er aspects of cultivation were identical to the peat ex per i ments.
Leachate was sampled weekly until anthe sis by collecting solution dripping from the pot after irrigation and analyzed using a phospho-molybdenum blue method (Murphy and Riley, 1962) . Phosphorus concentration in the leachate of control plants was 1.07 ± 0.16 mM; and for the two Al-P treatments was 21 ± 5.6 µM and 5 ± 2.0 µM (means ± SE).
Transpiration experiment. The aim of this ex per i ment was to describe transpiration and evap o ra tion from plants grown with three differ ent phosphorus treatments. At anthesis, the plants were moved from the greenhouse to a growth chamber with 45 µmol·m -2 ·s -1 photosynthetic photon fl ux density (PPFD) for 12 h per day and a constant temperature of 25 ± 2.1°C and relative humidity (RH) of 30% ± 3.4%. Plants were acclimatized to the growth cham ber en vi ron ment for 24 h and irrigated to their ef fec tive water holding capacity (Elliott, 1992) by submergence in 4 cm water and assuring that the surface was saturated. The surface of the medium was covered with plas tic to pre vent evaporation. Water loss was con tin u ous ly monitored gravimetrically for 72 h us ing 12 thin beam load cells (LCD-816G; Ome ga Tech nol o gy Co., Stamford, Conn.) mounted on an aluminum beam. From each load cell, a light weight platform was suspended on which one potted plant was placed. The load cells were excited with 6 V DC low-noise electrical supply and connected via a general purpose terminal panel (T71-GP; Strawberry Tree, Sunnyvale, Calif.). The plants were weighed continuously and the data were logged to a DynaRes-16 data ac qui si tion board (DR-16, Strawberry Tree). The software pack age QuickLog PC vers. 2.4 was used to mon i tor data ac qui si tion and store data. A standard curve was obtained Plants in soilless media are traditionally grown with excessive phosphorus levels, which may have detrimental effects on plant growth and performance (Hansen and Lynch, 1998) . Studies using buffered-phosphorus solutions show that plants can grow well at phosphorus levels as low as 10 µM (Borch et al., 1998; Lin et al., 1996; Lynch et al., 1991) , which is in the range of phosphorus concentrations found in fertile soils (Reisenauer, 1964) . Such plants usually have a higher root-to-shoot ratio than plants grown at higher phosphorus levels (Anuradha and Narayanan, 1991; Borch et al., 1999; Lynch and Beebe, 1995) .
Increased root : shoot ratio, which also results from application of growth retardants, is well known to improve postharvest stress tolerance in bedding plants (Armitage, 1993) . In a previous experiment, we found that impa tiens (Impatiens walleriana Hook.) and mari gold (Tagetes patula L.) plants grown with alu mi na-buffered phosphorus (Al-P, 6
and 35 µM P) were less affected by a brief period of drought than plants conventionally fertilized with sol u ble phosphorus at 1 mM (Borch et al., 1998) . Marigold plants had more uniform dis tri bu tion of roots throughout the medium, which may have partially accounted for slow er wilting. However, im pa tiens plants had no obvious changes in root distribution, but still showed slower wilting. Both species had re duced leaf area, which would reduce water loss (Borch et al., 1998) .
The objective of this experiment was to investigate growth and drought responses of plants grown at various phosphorus levels to determine the mechanisms by which lower, but buffered, phosphorus increases drought tolerance. We examined root morphology, whole-plant transpiration, stomatal conduc tance, relative water content, and CO 2 as sim i la tion.
Materials and Methods
Marigolds ('Janie Tangerineʼ) were germi nat ed in low-phosphorus peat medium and grown in a greenhouse at University Park, Pa. (lat. 41°N) without supplemental light. Day and night temperatures were 24.4 ± 2.4 °C and 20.9 ± 0.5 °C, respectively. Seeds were ger mi nat ed in December and transplanted to 0.58-L containers after 2 weeks. Except for plants used in the root structure and water utilization experiment, plants were grown in sphagnum peat (Premier Horticulture, Red Hill, Pa.) and fertilized by irrigation with a 15N-0P-12.4K fertilizer (Peters Pro fes sion al for in di vid u al load cells using mass standards yield ing a 0.2-g pre ci sion. To dis tin guish between transpiration and evaporation, plants were re hy drat ed and re cord ings were repeated with the medium sur face uncovered to allow evap o ra tion in ad di tion to tran spi ra tion. The dif fer ence between these mea sure ments was as sumed to be evap o ra tion. After the load cell recordings the plants were har vest ed to mea sure leaf area. Tran spi ra tion rates during dark and light periods were cal cu lat ed using linear regression on the data col lect ed 1-4 h after the onset of each light or dark period.
Root structure and water utilization. The aim of this experiment was to identify the relationships among root structure, phospho rus concentration and water utilization. To make this possible, the plants were grown in SERAMIS, which separates easily from the roots. At anthesis, these plants were transferred to a growth chamber with low light (45 µmol·m -2 ·s -1 PPFD for 16 h per day), constant tem per a ture of 21 °C and 35% RH and ac cli ma tized for 2 d before drought treatment was started. The plants were then irrigated to their effective water holding capacity, whole plants were weighed, and stomatal conductance of two fully expanded leaves in the upper half of the canopy was recorded with an Mk3 porometer (Delta-T, Cambridge, England). The plants were not irrigated while they were in the chamber. The stomatal conductance and weight of the plants were recorded once every day until wilting. Photosynthesis was recorded before and 2 d after the initiation of drought stress with a LI-COR 6200 portable pho to syn the sis system (LI-COR, Lincoln, Nebr.) op er at ed as a closed system. Photosynthesis was measured in a 36-L cuvette enclosing the whole plant (including roots) for 60 s. PPFD during photosynthesis measurements was 73 ± 18 µmol·m -2 ·s -1 . Final measurements were taken on each plant when midday stomatal con duc tance dropped below 27.5 mol·m -2 ·s -1 (as com pared to controls at 85-110 mol·m -2 ·s -1 ) and visible wilting occurred. Plants were har vest ed to record leaf area and the roots were separated from the growth medium. A subsample of the roots was stained in a 2% neutral red solution for at least 2 h and digitally analyzed for root length and diameter using Delta-T-Scan (Del ta-T). The subsample and the rest of the root system were oven dried separately at 70 °C for 48 h to determine dry weight. The growth medium was dried to calculate relative water content (RWC pot ) (RWC pot = [(ww -wd) / (wf -wd)] × 100, where wf is the pot weight at effective water holding capacity, ww is pot weight at wilting, and wd is weight of the pot medium and pot after 48 h of oven drying; Hsiao, 1990) . The effective water holding capacity was de ter mined after subirrigating to a depth of 4 cm, followed by free drainage. The effective water holding capacity of SERAMIS was 2.2 g water per gram of medium.
Long-term drought and longevity. Peat grown plants were placed in a growth chamber as described in the previous experiment. Daily water use was determined gravimetrically by weighing each plant morning and evening for 2 d. This was repeated after rewatering. Drought stress was applied to 10 plants by daily subirrigation with half the volume of water used prior to the drought treatment. Ten plants of each phosphorus treatment were irrigated regularly and served as controls. After 3 weeks, drought stress was assessed by recording sto matal conductance. RWC pot was measured as described above. The effective water holding capacity of the peat-based medium was 3.6 g water per g medium. The two youngest fully matured leaves were used to record relative water content of the leaf (RWC leaf ) using RWC leaf = [(ww -wd) / (wt -wd)] × 100, where wt is leaf turgid weight, ww refers to leaf weight at the wilting point and wd is leaf dry weight. The leaf was then submerged in distilled water at 22 °C, placed under a light source for 24 h, blotted dry and weighed to determine turgid weight. After drying for 48 h at 60 °C, the leaf was weighed again to de ter mine wd. Flowers, wilted fl ow ers, and buds were counted and the shoots were oven dried for 48 h to determine dry weight.
Statistical analysis. Data were analyzed using the PC-statistical package JMP (SAS Inst., Cary, N.C.). Data were analyzed with analysis of variance (ANOVA) (split plot de sign). Con trasts were used to test for sig nifi cant dif fer enc es among means. The notation "ns" means there is no sig nifi cant dif fer ence at a 5% confi dence lev el.
Results
Transpiration. Water loss through tran spira tion was signifi cantly lower for plants grown with Al-P than for control plants over a 72-h period with no irrigation (Fig. 1) . The rate of water loss through evaporation alone was about the same for control and 21 µM Al-P treat ments, but was about twice as high for plants grown with 5 µM Al-P (not shown). Mean whole-shoot transpiration rates, cal cu lat ed as the slopes of the linear segments of the water loss curves, were higher for control plants in both the light and the dark (Fig. 2) . There was also a signifi cant difference be tween 21 and Fig. 1 . Transpiration monitored for 72 h as gravi met ric water loss from marigold plants at an the sis grown with three levels of P (control (1 mM soluble P), 21 µM Al-P and 5 µM Al-P). Values are means of eight plants. Fig. 2 . Transpiration rates of whole plants grown in control P, 21 µM Al-P and 5 µM Al-P. Rates were calculated from the slopes of the water loss curves (Fig. 1 ) over all 3 d using the data beginning 1 h after transfer to light or dark and continuing for 3 h. Values are means of eight plants + SE.
Weight change (g/plant)
Transpiration (mg/s) 5 µM Al-P fertilized plants in transpiration rate during the light periods (Fig. 2) . When midday transpiration was ex pressed on a leaf area basis, there were no signifi cant differences among the phosphorus treatments (control, 2.24 ± 0.10; 21 µM Al-P, 2.43 ± 0.15; 5 µM Al-P, 2.20 ± 0.17 g·m -2 ·s -1 ). Likewise, there were no differences among P treatments in tran spi ra tion during the dark period if tran spi ra tion rates were calculated on a leaf area basis (data not shown). Leaf area and total shoot dry weight decreased with decreasing phosphorus (Table 1) .
Root structure and water utilization. In plants grown in SERAMIS, leaf area was again reduced with decreased phosphorus avail abil i ty (Table 2 ). There were no significant dif fer enc es between control and 21 µM Al-P treat ments for total dry weight (DW) of plants including the roots, but total DW was sub stan tial ly lower for 5 µM Al-P plants (Table  2 ). There were no signifi cant P effects on root : shoot DW ratio (not shown). Root diameter was not reduced by 21 µM Al-P compared with controls, but was lower in 5 µM Al-P roots. Total root length was about twice as great in 21 µM Al-P roots as in the other treatments (Table  2) . When ir ri ga tion was withheld, all control plants wilt ed (midday stomatal conductance below 27.5 mol·m -2 ·s -1 ) after 3.5 d, while 21 µM Al-P plants wilted after roughly 4.5 d and 5 µM Al-P plants wilted after 5 d (data not shown). RWC pot at wilting was signifi cantly lower in 21 µM Al-P plants compared to control and 5 µM Al-P plants (Table 2 ). Stomatal con duc tance was not signifi cantly different among phosphorus treatments (F = 1.78, data not shown), in di cat ing similar degree of water stress. Density of fi rst-and secondorder lateral roots was about one-third less in Al-P fertilized than in control roots (Fig. 3) . A signifi cant correlation was found between total root length and RWC pot (Fig. 4) .
Net photosynthesis (CO 2 assimilation rate) per unit leaf area was about twice as high in 21 µM Al-P plants as in 5 µM Al-P or control plants (data not shown) and was not sig nificant ly different after recovery from drought within P treatments.
Longevity and long-term drought. After three weeks of reduced irrigation, leaves were not visibly wilted, but the lower leaves were yellowing or had abscised, indicating severe drought stress. Stomatal conductance values at that time were 31.4 ±16.5, 51.1 ±16.5, and 41.8 ± 13.8 mol·m -2 ·s -1 in control, 21 µM Al-P and 5 µM Al-P plants respectively. Relative water content of the medium (RWC pot ) after drought was signifi cantly higher in 5 µM Al-P plants than the two other phosphorus treat ments, while RWC leaf after drought was not signifi cantly affected by phosphorus treatments (Fig. 5) .
Dry weight of the shoot was much lower in 5 µM Al-P plants than in plants from other phosphorus treatments (2 g in 5 µM Al-P plants vs. ≈8 g in control and 21 µM Al-P plants). Drought had no effect on shoot DW in control and 21 µM Al-P plants but reduced it by nearly 50% in 5 µM Al-P plants. The percentage of wilted fl owers after long-term drought was not sig nifi cant ly different be tween con trol and 21 µM Al-P plants (45% and 42%, re spec tive ly), but was greater (74%) in 5 µM Al-P plants. The number of fresh (unwilted) fl ow ers in irri gat ed, 21 µM Al-P plants was ≈29% greater than that of control plants (P < 0.01), which had sig nifi cant ly more fresh fl ow ers than 5 µM Al-P plants (48% more, P < 0.01).
Discussion
Marigold plants grown with reduced, alu mi na-buffered phosphorus availability had lower whole-shoot transpiration rates ( Figs. 1 and 2 ) during conditions of low soil water po ten tial. Since the plants had equal tran spi ra tion rates when expressed per leaf area re gard less of phosphorus treatment, the re duced tran spi ra tion and slower desiccation in the buff ered-phosphorus plants must have been a re sult of the reduced leaf area when less phos pho rus was supplied. In addition, plants grown with 21 µM Al-P had a lower RWC pot at the wilting point than control or 5 µM Al-P plants (Table 2) , indicating more thorough use of the avail able water in the pot. This may be ex plained by the greater root length of the 21 µM Al-P plants ( Table 2 ). The signifi cant cor re la tion between root length and RWC pot (Fig. 4) lends support to the view that increased root length is associated with improved drought stress avoidance in 21 µM Al-P plants. We previously showed that roots of marigold plants grown with conventional phosphorus fer til i za tion (sim i lar to control plants in this ex per i ment) were distributed primarily near the ir ri ga tion drip tube, and not throughout the me di um, while plants grown with lower P con cen tra tion supplied by Al-P had roots dis trib ut ed through out the medium and wilted more slow ly during drought (Borch et al., 1998) . In these ex per i ments, subirrigation was ob served to lead to deeper root proliferation, though this was not quantifi ed. Plants grown with 5 µM Al-P had root length similar to control plants, which probably explains why they, too, wilt at high er RWC pot compared to 21 µM Al-P plants. Plants grown with 5 µM Al-P had poor overall growth, shown by lower shoot dry weight (Table 1) , reduced root length (Table  2) , and less root branching (Fig. 3) compared with 21 µM Al-P plants. These smaller plants would be ex pect ed to have less water usage ( Figs. 1 and 2) , which probably accounted for the fact that they wilted last.
We previously reported that bean (Phaseolus vulgaris) roots grown in sand cul ture had lower lateral root density under de fi cient (1.1 µM) than suffi cient (8.6 µM) P avail abil i ty (Borch et al. 1999) . Chry san the mum roots grown in nutrient solution also showed higher lateral root density under suf fi cient (100 µM) than defi cient (1 µM) P avail abil i ty (Hansen and Lynch, 1998) . In this study, mari gold roots grown in SERAMIS had equal lateral root density when grown with 5 or 21 µM Al-P, and higher lateral root density under very high P availability (controls) (Fig. 3) . Thus, P can regulate root distribution through its ef fects on root elongation and spacing of lateral roots. This study shows that the high P con cen tra tions supplied to control plants actually suppresses overall root growth in marigold, indicating that this typical fer til iza tion regime supplies excessive P nu tri tion. The fact that total root length is de creased by 45% (Table 2) while lateral root density is increased by ≈40% (Fig. 3) com pared with 21 µM Al-P plants suggests that main root elon ga tion, rather than lateral root ini ti a tion and growth, is reduced by excess P. This would result in restricted root dis tri bu tion with in large volume containers.
The reduction in leaf area in 21 µM Al-P plants compared with control plants was at least partially compensated by increased net photosynthesis per unit leaf area when pho to syn the sis was measured on a whole plant basis. The most important factor responsible for increased net photosynthesis per unit leaf area is probably the reduction of internal can o py shading resulting from the smaller leaf area of 21 µM Al-P plants, though the increase in chlorophyll content often found in plants grown under lower phosphorus (Hecht-Buchholz, 1976; Rao and Terry, 1989) could play a role as well. These pho to syn the sis measurements were taken in a growth chamber under rel a tive ly low irradiance (73 ±18 µmol·m -2 ·s -1 ), more characteristic of the post-production (ship ping and retail) en vi ron ment than of pro duc tion conditions. Plants grown with 21 µM Al-P in this experiment had ≈33% more fl owers than control plants, similar to the difference in the long-term drought ex per i ment (28%) and to that pre vi ous ly reported for plants evaluated in the greenhouse (Borch et al., 1998) . The re duced intraplant shading may therefore explain the lack of impact of reduced leaf area on fl ower number and total plant DW. . Relationship between root length and relative water content of the medium at wilting (RWC pot ) of control P, 21 µM Al-P and 5 µM Al-P plants at wilting. Each point rep re sents the RWC pot of one plant. The line was fi t to data from all three phosphorus treatments by linear regression. r 2 = 0.40, P < 0.05
Short-term drought did not specifi cally reduce photosynthetic rates. The greater drought resistance of 21 µM Al-P plants com pared with controls is therefore not due to a differential inhibition of photosynthesis.
All plants exposed to long-term drought (by irrigating with half their previous rate of water use for 3 weeks) showed signs of water stress (lower leaf yellowing and abscission). Drought had a more negative effect on 5 µM Al-P plants than on the other plants, as ev i denced by lower dry weight (data not shown). However, these plants failed to fully exploit the available water, since the RWC pot was considerably higher after 3 weeks of drought for 5 µM Al-P plants than for 21 µM Al-P or control plants (Fig. 5) . The reduced root growth in 5 µM Al-P plants observed in the previous experiment (Table 2 ) may have been ex ac er bat ed by the drought, resulting in even greater stunting of root growth and con se quent failure to explore the medium. Pre vi ous work with sorghum and bean has shown that phos pho rus-defi cient plants had shorter roots and poor drought resistance compared to phos pho rus-suffi cient control plants (Al-Karaki et al., 1996) . In this experiment, there were no sig nifi cant differences between con trol and 21 µM Al-P plants in plant dry weight, fl ower wilting, or relative water content of leaves or medium after 3 weeks of drought stress.
In summary, decreased but steady phospho rus availability, achieved by amending soilless medium with a solid-phase phospho rus-buffer, improved drought tolerance chief ly through avoidance mechanisms. Sev er al fac tors probably contributed to this. Smaller leaves transpired more slowly. Low, but suf fi cient, phosphorus availability re sult ed in long er roots with lower lateral root den si ty, which in creased root distribution within the con tain er and im proved water acquisition and drought avoid ance.
